Experiments were conducted in order to study damage process generated on particular composite materials by low energy impacts. Woven and knitted reinforcement-structures were tested using a Charpy test. Experimental laws and analytical models characterising the damage evolution in these composite materials subjected to successive impacts are proposed and compared. Damage processes are different in both composites. The rupture of the woven composites is controlled by crackings and delaminations, the latter does not occur in the knitted ones. These analyses emphasise the interest of using knitted reinforcements in composite materials.
INTRODUCTION
Much has been written about the effects of impact solicitations such as punching on homogeneous, ductile or brittle materials [1, 2] and heterogeneous ones [3, 4] . For composite materials, damage is related to the progressive propagation of cracks and delaminations inside the material.
However a limited amount of work has been reported on irreversible damage introduced by so called dynamic flexural tests: dynamic transverse loading generated by impact on threepoint bending specimens using a Charpy pendulum. Damage quantification is linked to the loss of stiffness after one or successive impacts conducted at low energy (E£ 12 J).
Effect of the reinforcement structure was also studied: knitted and woven fabric-reinforced monolithic samples were tested. The advantages of the weft knitting technique with respect to its use in composite materials are basically the low set-up costs and the possibility of manufacturing complex surfaces. By complex we mean parts with double curved surfaces such as cubes, cones or spheres. When such parts are made with woven fabrics, it is not always possible to avoid wrinkles. Moreover woven fabrics need to be cut to the right shape before forming in order to avoid excessive waste. The thickness of knitted textiles is greater than that of woven ones: thus, tests were run on samples of the same thickness and on specimens with the same number of layers.
MATERIALS AND EXPERIMENTS
The matrix system is a thermoset resin, epoxy Axson 2015. The reinforcements are a plain weft knit fabric (jersey) and a plain woven one (serge). Knitted and woven fabric reinforcements have the same surface gravity, 165 g/m². The same E-glass fibres are used in the manufacturing of woven and knitted fabrics.
Due to three-dimensional configuration of the knitted loop, more resin is required to achieve good adhesion with knitted fabrics. For the same surface gravity, stratified knitted ply is 2.5 times thicker than the woven one: the fibre volume fraction of the knitted composites estimated by combustion method is only 40 % compared to a fraction of 60% obtained with the woven. Composite samples of 80 mm long and 15 mm wide were prepared. Knitted composite specimens were cut parallel to the wale direction.
A falling weight impactor using a Charpy test is used to conduct dynamic three-point bending tests at low energy. The total span of the device is 65 mm. Impact energy levels do not exceed 12 Joules (maximum incident speed=1.1 m/s) and are generated by changing the drop height. Incident energy level is chosen in order to avoid rupture after the first impact .The incident energy is defined as follows:
where m is the weight of the impactor, L is the length of the pendulum, and q is the angle between the vertical direction and the pendulum axis.
The quantification of the damage evolution is established by using the concept of Rabotnov and Kachanov [5] . Damage value D* is a function of the decrease in the stiffness modulus and is defined as follows by:
where E* is the stiffness of the damaged sample measured after each impact and E is the stiffness of the non-damaged sample. The stiffness is measured by the three-point bending test.
The present work is divided into two parts: -successive impacts are conducted on woven and knitted reinforcement composites of 6.8 mm thick. Initial bending stiffness E.I is equal to 2.4 N.m² for the knitted samples and to 7.1 N.m² for the woven, where E is the Young modulus and I is the rectangular moment of inertia. The impact energy levels are different for both composites: they range from 5.9 J to 12 J for the woven specimens and from 1.9 J to 2.8 J for the knitted specimens. -Successive impacts are conducted on woven and knitted fabric-reinforced composites consisting of 22 stratified glass/epoxy layers. The thickness is respectively 6.8 mm for the knitted composites and 2.8 mm for the woven ones. For the latter, the bending stiffness is equal to 0.4 N/m². Impact energy levels range from 1.9 J to 2.8 J for both composites studied.
RESULTS OF SUCCESSIVE IMPACTS ON SAMPLES OF THE SAME THICKNESS Damage laws
The thickness of the knitted and woven fabricreinforced samples is 6.8 mm. Impacts in the range of 1.9 J to 2.8 J are conducted on knitted samples and in the range of 5.9 J to 12 J on woven. To compare the damage resistance of both reinforcements damage values D* are plotted versus the ratio n/N max . The curves D*=f(n/N max ) as shown in Fig.1 is for knitted samples (all energy levels) and in Fig.2 is for woven samples (all energy levels). N max is the number of impacts leading to rupture. Whatever the impact energy level between 1.9 J and 2.8 J for the knitted fabric-reinforced samples ( Fig.2 ) and between 5.9 J and 12 J for the woven fabric-reinforced samples (Fig.3 ) the damage evolution versus the ration n/N max is similar. This evolution corresponds to the theoretical fatigue damage model introduced in the literature [5] which is defined as follows by (3):
where: n is the given number of impacts, N max : the number of impacts leading to the rupture, a : the parameter of the fatigue damage model.
In the case of knitted reinforcements, the parameter of the model a is 3.6 whereas a is equal to 0 for the woven reinforcements and the evolution is thereby linear. The damage kinetic of the knitted reinforcements composites is lower than that of the woven. The results emphasise that the knitted fabric-reinforced samples display a better damage tolerance to bending deflections through impacts.
Damage morphologies
The fractured surfaces of knitted and woven samples are shown in Fig.3 and in Fig.4 . The load is applied on the vertical plane. The photographs show that the damage process is due to matrix cracking and interlaminar delaminations, which instantaneously extend throughout the whole length of the woven samples. As opposed to the damage which occurs in the woven ones, delaminations are not observed in the case of the knitted fabric-reinforced samples : the fractured surfaces are characterised by the rupture of fibre bundles, matrix cracking and hairiness of the knitted loops. During moulding under vacuum, the different layers of knitted or woven fabrics are pressed into each other. Knitted fabric has a number of holes in its structure so the plies intermingle strongly. Thus, after the manufacturing process, the different layers of knitted fabrics are not distinguishable anymore as compared to the woven layers. Huysman et al [6] , recently showed that the interlaminar fracture toughness of knitted fabric-reinforced composites is up to five times higher than a plain woven fabric-reinforced composite.
THICKNESS EFFECT, SAMPLES OF
THE SAME NUMBER OF PLIES Knitted and woven fabric-reinforced samples are tested imposing an incident energy in the range of 1.9 J to 2.8 J. Specimens consist of 22 plies. The thickness of the knitted structure is 6.8 mm and that of the woven structure 2.8 mm. The damage evolution of both composites under successive impacts are similar to the evolutions shown in Fig.1 and in Fig.2 , moreover the critical number of impacts leading to the rupture N max , is higher for the knitted fabric-reinforced samples. For example, at an energy level of 2.3 J, the number of impacts leading to rupture for knitted fabric-reinforced samples is 6 as opposed to 3 for the woven fabric-reinforced samples (table  1) . In this case knitted reinforcements samples are also more resistant to the damage evolution and to the rupture. 
CONCLUSION
An experimental study has been performed in order to evaluate particular mechanical performances of knitted and woven composites and obtain a better understanding of the factors influencing the damage process of these materials subject to dynamic three-point flexural tests (at low energy). The damage quantification was established using the variation of a global and intrinsic mechanical property (stiffness modulus) of the composite tested. · For successive impacts, the damage tolerance of knitted fabric-reinforced samples appears to be better in terms of the damage law D*=f(n/N max ) compared to woven fabricreinforced samples of the same thickness. Analysing the critical number N max of samples containing the same number of plies, it is shown that the number of impacts at rupture, N max , is twice as high as for knitted fabricreinforced samples, the resistance of knitted sample is also greater. · Damage morphologies are different:
interlaminar delamination, the common failure mode of composite materials made by stacking layers of textile fabrics is observed in the case of woven fabric-reinforced samples. Three dimensional fibre architecture of knitted fabrics prevents such failure and can explain the better impact resistance of composites reinforced by such fabrics.
Results have a bearing on the choice of the knitted reinforcements for composite structures manufacturing subject to dynamic flexural solicitations.
